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Abstract 

The problem of the h temct ion  of the solar w i n d  w i t h  the m n  is 

attacked fm a kbetic-theory p i n t  of viewQ 

am the total  absorption of the solar -wind  particles by the m n D s  

surface and the mgnetic transparency of the lunar body; these conditions 

h p l y  the absence of an up-stream shock wavea 

The boundavy conditions 

The analytical treatment of the ion cmpnent gives the p s s  featmes 

of the structure of the interaction, 

an empty cavity of conical shap 

mon radX and is appmxhately dven  by the ra t io  of the solw wind 

velocity and the product of the ion themal velocity times the sine of 

the angle between the hterphnetayy magnetic field and the velocity 

of the solar w3d0 

of the cavity which is parallel t o  the solar w k - d  velocity mlative t o  the 

mon*s frarm, 

entirely hsi 

h 3 k  velocity of the plasma, 

satellite Explorer 35 

The d n  feature is the presence ,of 

that has the length 05 a f e w  tens of 

This angle does not steongly affect the orientation 

The distwbmce i n  plasma density and flux occurs dlmost 

the cylinder tangential to the moon and parallel t o  the 

This cavity has been observed by the 

Ttjo h p & a n t  ffects am found due t o  electmn p~essum: a) sMtening 

of the length of the wake and b) alcenhg of the gradients of density 

the b o ~ d a ~ e  The ~ W O  effects anaZyBd SepamtQly and an 

effective temperature fo r  the ions is defined i n  ordm t o  take into 

acwunt the presence of the electrons, 



The drop h density across -the boundmy of the cavity produces a 

system of m n t s  that h c m s a s  the t i c  f ie ld  stmngth inside the 

cavity, 

a Lamp distance; h this way one m h e s  at a situation sMlar t o  the 

p b l a  of a solenoid, 

magnetic f ie ld  strength inside the cavitye 

across the boundary and an increase just outside the cavity; further 

refinements t o  the theory may explain these obsematims, or 

ba the m a l t  of a contribution f r o m  a weak nqpetic field, intrinsic 

t o  the m n ,  that has been distorted by the solar win&, 

The ;problem is ideazzed by considerhgthat the dmp occurs wi thh  

The present observations show the increase in the 

They also show a decrwma 

s work in partial fuf f i l lnment  
P h A  requirements of the University of Kinnemta, 
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1. Introduction 

The purpose of this work is a theoretical treatment of the interaction 

of tkre solar wind with the moon. E i t h e r  no h t rhsic  magnetic field, OK 

a very low one, is present in the mcm (Sonett et  al. I 1967: Ness et a l e ,  

1967). Hence, the solar-wind parkides are free to  directly h i t  the 

surface, and we will consider that these particles are absorbed and/ 

or neutralized, so that they becane dismnnected fram the plasma. 

S i n e  the solar wind is a magnetized plasm% the average electrical 

conductivity of the mum is also decisive i n  determining the nature of 

the interaction. Gold (1966) considered the conductilirity high enough 

to have a piling up of magnetic f ie ld  lines, and the subsequent formation 

of a lunar magnetosphere and shock wave. W e  take the opposite case of 

l o w  electrical conductivity, or canplete transparency of the moon to  

the magnetic field,  as the experhental results fran Explorer 35 

indicate ( N e s s  et al., 19671, 

? 

The solar wind is oanposed mainly of protons and electrons .that 

arrive a t 1  a.u. w i t h  a bulk velocity, more or less radially fran the sun, 

which is mu& higher than the ion 

electran thermal es 

that give 

and much lmr than the 

first consider thedons alone, since 

hertia o€ .the stream, 
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include the electron canpnent and its interaction 

w i t h  the ions. 

as the ion-pressure effect, as fa r  as the closing of the wake is 

W e  p r r e  that this effect is of the same order of magnitude 

concerned, Meamre ,  the gradient of ion densie across the boundary 

is strmgly affected by the presence of the electron cmpnent. 

analyze the effect  of the surface currents and the resultant 

distortion of the magnetic field. 

the s e  problem; again, there is agreement between his Pnumerical solution 

Recently Whng (11968) has considered 

and our results. 

Michel (1967 .and 1968) presents a hydrodynamic analog as a solution 

\ to the problem, ignoring the detailed structure of the plasma. W e  take 

a kinetietheory approach that allaws us to treat what is present 

in the solar wind: ions, electrons, electric and magnetic fields. 

2, Cold Plasma Approximation 

OUP f i r s t  approach is to neglect the ion thennalmtions. Under 

this simplification, the streaming magnetized plasm i s  ccsnposed of a 

parallel stxeam of cold ions arrbedded in a cloud of thermal electrons. 

S i n c e  %he m n  is considered here as a perfect absorber, its presence 

prduces an q t y  space in the shaream; revers the motion, Le. 

sidering the plasma a t  rest and the moon m v h g  ttarough it a t  the 

the ions and electrons and fa r  wind velocity, the &n is sweep 

fore is pral%el. to its 

velocity, Since the electrons are thermal, they tend to get inside the 

, at the same t h e  they are held back by the ions s 

attraction that ity of the plasma; the ions 

under this ele pressure %hat rdua?s the size of the 
1 

e0 a conical shape, Due to th is  effect, 
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the straight line path of the ions will get slightly curvd trrwar&s 

ior of the cylinder. The thermal. electrons, trying to get inside 

the empty cylinder, will produce saue charge Separation which in turn 

will be the source of the electric fields that hold them back, 

3, Ian D i s t r i b u t i a n  

In order to get the ion distrihtim function we use tihe following 

assumptions: 

a) Far fran the mocrtl the distribution function is Maxwellian; this 

is then one of the boundary conditions for the solution of Boltpaann's 

eguatian. 

b) The surface of the moon acts as a perfect sink for the ions that 

happen to strike it; tkis cccqpletes the 3mundaq conditions required to 

specify the solution, 

the moan, not all the states of the particles in phase-space are present; 

a state is missing if the mtion of the particle under time reversal 

happens to be along a trajectory that intersects the monss surface, 

The assumption implies that, in the vicinity of 

c) Since the mean free path of the particles in the solar wind is 

of the order of 1 a,uo at the earth's orbit, we consider the plasma h a 

collisionless state, This makes tractable the problem of finding the 

cal expressions for the trajectory of each particle in the magnetic 

d) The ions m ~ ~ e  under the effect of the fol- forces: 

dynes 
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k T  - 3 8 x lo-*' dynes 
Rg 

= 4 x 10-l~ dynes e ?iB0 magnetic 
C 

where we hv-e used T = lo5 OK, and vA is the carpomt  of the thermal 

vdoci ty  d a r  lo the magnetic f ie ld  lhs. It is seen that tkae 

tic forces dcntj,nale the ion mtion; hence, the trajectories are spirals 

along the magnetic f ie ld  lines, 

I f  the electric potential, which is of the order of s ~ n e  kT/e, 

varies msiderably mer distances much shorter than the m n @ s  radius, 

then tihe electsic forces daninate tbe ion &ion, 

a snall region near the back of the mon, as shcxm later. 

This is the case for 

Fscan the abwe assumptions it w i l l  be seen that vas already ha= the 

collisionless Bolt  's equation. A t  a pht fa r  

fpam the moon the distribu-kion is !&xwellian, N e a r  the moon the 

distribution is M a ~ ~ d l i a n ,  except that not a l l  states of the velocity 

are present, The problem redues to find t h s e  missing states a t  each 

presents the E r e  of reference, its origin a t  the m n 8 s  

lhl to the mawtic Pines,  y a lar  t o  x i n  the 

plane of $he magnetic lines and the Solas-wind velocity Top and z no& 

s pfane, % velocity V of an arbitrary pa.rti.de p is given 

by;Ep=q0+: d-v where q0 is the solar wind vle~ocity &t mz~s  

an angle a w i t h  the magnetic f i e u  1-s, G is the projection of the 

P 
-+ 

IR 

\ \  
P velocity of the ions along tbe B lines and ;;;C its projection 

btto a plane pxpendieular lo th@ B lines; thjis projection gives a ckcl ing 

motion wbse phase angle is specified by $. 
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Projecting f dong the coaxt in  * ate axes one gets: 
P 

I/ e, dx = v o c o s " + v  vx d t  

-9  = v 0 s i n a + v  sin+ - d t  I 

Using the explicit tzbe dependence for$ = $o f w t where w is the ion 

cycPotron frequency &&IC, $, the initial phase angle, and noting that 

Vop 5, I 1, and ~t, am cmstant, we integrate the equations in (1) to 

obtain the trajectory: 

x = x o +  ( V , o o s a + v  1 t 111 

anrd zo are the coordinates of the ion at the t = 0 ,  A xof yo 
state is missing at the point xo, yop zo, i f  the motiosr of the ion from 

t = 0 to 0: = - 00 is 

thus, themiss 

m& khat 

a trajectory that intersects the moon's surface; 

states are given by those values of yn vL and $, 

t < O  ( 3) 2 2 2 2 f a r  - = Rc x -0-y + a  

ider .the trajectory of their guiding center, In th is  way the 

c 
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system (2) reduces to 

x = x + (Vo cos a 9 vrr ) t 

y = y  + V o t s i n a  

0 

0 

z = z  
0 

]Fram the third expression i n  (4) it is seen that in the guiding center 

approach the ion motions are cnnstrained to be in planes z = canstant; 

therefore, the presence of the mon affects only the region between 

z = k R c o  parallel planes, peqpndicular to the z axes, 

t h r e s i o n a 1  problem reduoes to  a two4mew ional one. 

by the plane z = zo and 

x 2 + y 2 = R  2 

where 

the lunar 

for same 

is the radius of the circle intersected 

spherq, condition (3) is now given by 

t < 0  (5) 

x = xo + (Vo cos a + v i r  1 t 

y = y  + v  tsin OL 
0 0  

are ions of the ional trajectory in plane z = zo. 

Fran (6) kt is seen that the only lthermal aon%r*tion that canes 

in is the ccmpomt vwl ; thus, the miss states are given by a cut 

axis. The problem reduces to finding the space along the v 1 1  
2 2 values of v for which there exis a t g 0 m c h t h a t x  - + y 2 = R ,  

S U b s t i r n ~  x y fratl (6) h t o  (5) and so.l.vbg for t one gets: 
11 

2 a  
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a = vO2 Jt < dt. 2 v0 vr,cos a 

c-IT 2 =+ y," - R2 
0 

The missing states are given by the va&s of v such that t is real Ii 

b2 - 4ac > 0 

and 

b 4 0  - 

since the a that appears in the cbnauma ' tnr of (7) is always 40. H e n c e ,  the 

baunds of the forbidden range of v are given by the roots of the equations: 

(11) 

l i  

b2 - 4ac = o 

b = O  (12) 

sslving for v ,, we get 4x0 fram (11) and one fK?m (12): 1 

x e o s a +  y o s i n a  
0 

x - vo 
0 
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ti- (9) and (10) have to be satisfied simultaneously, 

jine the bounds (12a) and (12b) to get the absolute bounds 

in (l2a) vl and v2 (vl v2) and obtain 

h Figure 2, that are bounded by 

, yo e -Ra , no znksing states; the presence of the moon 

is not fe l t  in this region. 

Region 111, xo e 0, missing states given by 

p xo > 0, missing states given by 

case a = 0, mean utat the magnetic field lines 

are 

so ion 11 (Figure 2) has no Inks.Lng states, an obvious results 

wind velocity, me gets fran (12a) v1 = v2 = -Vo 

ions I and I1 are identical in t h i s  particular 

to the jnwior of the CylMer, region is 

Case wake is f i d  by a pressure alone; 

for suxf at of the wake, 
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(-0 2 
X Y  -Y 

of i%iQ is of Of 
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4, Lengthof thewake 

The remarks made in the last section on the density distribution 

are also valid for the flux distribution, since the therinal velocity 

of the ions is much smaller than Vo; this means that the curves of 

constant density are also curves of oonstant flux, to a good approximation, 

The remarks are general in the sense that they do not & p d  on the 

mlar values of the solar wind parameters (density, tenpexature, 

velocity and magnetic field strengeh) To get a quantitative picture 

of the distribution of densities and fluxes, we need the numerical values 

along the axis of the wake y = x tan 01 which give a measure of its length, 

In order to do that, we first express the roots (12a) in terms of the 

ooordinatx?s r, h of figure 7: 

2 2  d. 2 2 2 1 / 2 R s i n a  - r A s i n a +  R -A ) cos a - (r +A -R ) v, 1 7 .) 1 

r& sin&a + XL cos"a + 2rX sin 01 cos a -R" v 

The density a t  a particular point is given by the difference between 

.the integral of the distri?xtion function 

at that point: 



Pn a similar way, the f the difference between the 

of the disLribution function, 

-times the vafoeity of le, over the forbidden interval: 

Along the axis of thewake, y = x  tan a or X = 0, we get the roots 

2 R cos a 2 (r2 - R2)Ii2 R sin a 
2 2  2 r s h a - R  vO 

and 5n the case r .. R we can expand (19 

+ average velocity is "vo, as it should be. 

(15) we get for 
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0 

We can again (21) and obtain, for values of r >> VoR/"th sin a: 

R 
_D 

0 
V - n 2 - n = l - - p T  vth r sxn a 

0 

the wake of the noon dies as R/r and is proportianal to the ratio 

of the solar wind veloeity and .the thermal veloci%y of the ions along 

the magnetic field 9 s, As mentioned earlier, the case a = 0 is a 

special one in which =s %reatmen% breaks dawn. 

rs in (21) are Vo, T I and a. M e  can a 
11 

Thne solar wind par 

into account the relation be a and Vo, given by the consideration 

have to coincide With the nqnetic 

w i t h  the sun: 

v astsleangU ion velmiq of the sun 4 
t h s  one soar Le,  about 430 ., Thus, equation (21) can be 

Vo alone, by means of (16) and (23) : QI in of T 
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3 we have a plot of the distance r at which nJn, = 0.1 

and n/no = Oe5, in of Vo and Tt, , ac to  (24), Tdkirag 

H and Vo = 350 km/sec, we getn/no = 0 , l a t  r 5 "  = 10 9 R a n d  TI I 
n/no = 0,s at r = 22,5 R; thus, a11 the surfaces of constant density - 0.5 

are inside cold plasma wake and w i t k i n  a distance of 

22,5 R fran the moon, while the ones with constant density - < Oel are 

of 9 R f m  the moon. S h c e  the average velocity 

is "V0, the s also apply for the surfaces of eonstant flux. 

W e  w i l l  later shaw that these distances are significantly shartened 

"axis" of the wake, having 

the q1j;naer of plasma approach, it is clear that the 

t r y p  except for the 

s of cons-t 

e Wenowwantto 

magnetic field 

de€hed by the mnditiopn: 

n =  

~ ~ 1 ~ ~ 0 ~  o€ the wake. The 

implicitly by ( 5) p w i t h  n = oonstant, 
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Thus, differentiating (15) w i t h  respect to X we get the equation for 

&/dX : 

2 

and into account (25) w e  get the equation for the so-defined axis: 

av2 

so that us- (14) and -ding in tesms of R/r we get the 

(27) 

n 

* .  4 

If expnent in (28) is much less Iin absolute value, Le, if 
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can . 

Expression (30) is the desired for 

that it is a effect 

the axis of the wake. 

in the ratio of the tkmal. 

%s the solar wind vel= s; for Q = 0 we get a symetric #&E, 

A = 0, as ; the maxinnn inclination occurs for a = 4 5 O  which 

is close to the actual value in the SOW wind a t  1 a,u, 

Ther of values of r, for which (30) is a valid expression, 

is giJVen by 29) ., Wst i tu thg  (30) in to  (29) we get for this 

one gets the llsual for a = 0, In the case of the moan, tan a 

is of ~rdes 1 and therefore (30) is a good ~ r o x b a t i o n  for r 93 4R. 

'Be negative sign in (30) mans thak the wake is inclined t a w a r d  

the hgnetic field S; this small  effect is giva  by the angle: 

"0 

S. 
5 "  = 3.0 K and VQ = 350 lan/'see wc3 get B = ,4 

we have equation for s of the wake based upon the 

family of cwves of Oanstmt density, We can do a sMlas treatmmt 

family of s of CQriS flux parallel to $os me 

2 
3 s h 2 a  

2 -2- A =  - z  r 
vO 

ing (311 w i t h  (30) we see that the line of peaks of constant 

€luxes is incl 50% mre than the line of peaks of sonstant density. 
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6, l3asults andcmpar i m  with Exp r k t s  

In Figure 4 one has the orbit of Explamr 35 as it crosses the 

boundaries of the wake. 

the original interplanetary conditions between a and b; between b and c 

only instrumental noise was recorded and between c and d the plasna 

flow is ob-& to increase t a k d  the interplanetary conditions. 

We see that the gross features of the structure of the wake, obtained 

fran the treatmnt of the ion caqonent alone, are in agreement 

w i t h  the observations =ported by Lyon e t  al, 1967, The additional 

effects prcduced by electron pressure, electric and magnetic fields, 

The plasma flew is observed to decrease fm 

.t: geer se s h a  *y obseracvable effects, as 

s, but they do ter the g 1 features predicted 

of EPe Pressure 

gradients of ele ia of the ions, Le, 

is of Of ionB s 

x its of f, quat ian  (32) gives the order of 
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5 w13 have .the sketch of the trajeGtory of a typical ion and 

to find the distance de at which  the ion crosses 

the axis of e Franthetriangleabc: 

2 2 2 de = r  C - ( r c - l )  = 2 r c - 1  

Let  us find an estimate of the length for the ease of the ions alone: 

e i  fran (22) or by OOEls that a typical ion bordering the 

-t (~T,,/MI”* along 

the magnetic field s i  the length of the ion wake can be given 

di mvemd by the ion in arriving at 

axis of the eqrl 

di vo tt/R 

of the effect, into 
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The angle clr due to the ion thermal mtion, is given by 

1 
El s - 

di 

while the angle c2' due to the electron pressurer is given by 

or us- (36) one gets 

2 
E2 fs - 

de 

]For the angle 2 c3 w e  obtain 

where d is the length due to the &M effect, 

The distance ef can be expressed in two dif ferent  ways: 

ef af el = fb (c2 - E+ 

and substituting af, fb fran Figure 5, and using (391, (40) and (41) 

we get 

d 1 d d" 
di 'e d2 e d e  
- P (de -d)  (- + - )  = 1 - ~  



19 

The equation gives for d, using (37) and (38) 

As a check, the above expression gives d * di when Te* 0 and d * de 

when T,, -B 0, as it should be, 

bkm we can define an effective temperature to take into account 

the effeet of two electrons on the length of the wake. Identifying (42) to 

one obtains 

Hence, a better approximation to the distribution of densities and fluxes 

is i l t m e a a  ' tely obtained by considerkg the ions to be alone, as done i n  

the aorresponding sect.$.w, with the effective tarq?erature Teff defined 

in (43) 

effective tEmperature. 

Table I presents eharacterbtic ntmerical values for the 

If T P i l  = 2 then the length of the wake i s  

by a factor of 2 due to ele pressure. 

Ta83LE I 

Effective Temper ature of the Ions in Terms of Electron Temper ature 

*e 
TII 
1 

a 

3 

4 

2,62 

4,oo 

5.30 

6,56 

P 
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r to get the effe of the electrons p the ions at short 

s €ran the m n ,  one has to analyze in detail We structure o€ 

interaction, Le, separation and electric fields rather than 

bubk pressusre; thus, the problem now is tk, solve Poiswmgs ecption 

€or .the 

~ l ~ r i ~ ~  w i t h  a 

~ ~ t ~ * s  factor dne to the presence of an electric potential 4. 

The density of electrons is given by 

k plasm, fknsider the electrons to be in thermal 

function mdified by the 

@ = -e4/kTe 

ic po 1 satisfies 

(45) 

and *e sion is valid i f  

I I 

rt is seen that te the central part of the wake, 

since the m a t m e  of the potential has to change sign in order to 

to F 6. 
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"'limit of ni ne** 

tion (48) for ehe validity of the solution 

After a distance of ~ 2 ~ 7  radii frcm the man, the condition (48) is 

satisfied for a l l  values of A ,  which means that a-st 1110 charge separation 

oceurs, as than. 2,7 radii charge 

only at points we l l  inside the wake, where the density 

"limit of pla§ma state" has been 

d r m  by looking for locus of points at  which there is only one 

axis of wake, which means that we can express the electric fields as: 

a# 
ax  E = - -  

Figure 6 it is seen t ha t  the slope (49) 

ion penetrates .&he wake; a typical ion .that 

enters the wake w i t h  the velocity of the pla~ma Go, and a thermal 

t vi parallel to the magnetic field lines, is falling into a 

h means that its velocity mmal 

ince the e€ 

we want fm find 

aensiq of the ioms, in the absence of th for 

rno; l-ience, 

is necessary 

for the i a  , is given by 

(49) 

l - x  ~ I - a  
sin a r sin a % V "  
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S nrmuben: of i cms  S (50) is to the 

Bolt 's factor, we get finally: 

Fxpression (51) is an approuc to the density curves of Figure 6, 

It is seen that +Ale t density cuwes are given by straight lines. 

(471, (49) andl (571 we get for tihe e ic field 

conditions along line A = 1, Le, the boundary 

of the wake in the cold-pl 

ion has a bulk veloc 

field lines. The initial tions are therefore: 

appm-aon; along th is  line, a typical 

1 CCBnponent vi along the magnetic 

v. s i n a  
R 

dh 1 t = O r r =  go, x = 1, -L& = - (53) 

a - x  
2 
I 

-= I -  d2h Te f 
dt2 Ti r 

To system (54) we diff  f i r s t  * 
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(55) the one 

d2A Te 1 2 = - 2 -  
sin a 2 

get: 

l - x  
2 K 

i,e, a second order linear dif 

The solution gives the ion: 

al quation w i t h  variable cueffieimts. 

where 
1 1 

4 rn"Z + ( - +  

In order to find the new 

bya I distance dro along 

I- J 

(57) 

density, consider t m  trajectories separated 

the line X = 1, The separation a l q  

a general kine X = !i'he relation between 

ck0 and dr is found by differentAat5ng (56) considering A = constant. 

flruc of ians m& to the element 

stank w i l l  be given by dr. 

drt 

x 
It is obtained by 

v, is the t. of the velocity of ion along the A axis. 

n 

om of the trajectory (56) e 
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59) it is ssf aons dmsiq are given 

this eon-t into (56) 

given (51) I except 

r/ks is given by (59) for a part va&ue of the density, 

s to modify the inclination It is seen .that effect of the e 

density, In the case of 110 electron pressure 

different effects 

density, the dadnant 

implies that 

factor 1\(2m-l) : 
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effect of the electron S s of (3enSity 

9, 

ion of the magnetic 

a t  the of the wake, 

s ef motion of the cles 

the ofthewake, Since i m s  and. circle the magnetic 

qpposite. senses, both add up to  the final 

T L  fOE: t k  im is of 5 or 10 tiroes smaller than the 

effect i s  mainly due to the electron electron 

We interpret ~~~~ as fo%lcws: the ions caxxy mst of the 

as pre in the cold-plasma approach, !Che 
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ease of the magnetic field lines le1 to the SOW 

trajectory c b s  will have part of 

1 cavity and, since the penetration is of the 

order of the ~ r * s  distance which is much smaller than the radius 

of the 

surface cusrrents. 

soXenoid, 

we can consider the tant. currents as a system of 

'"he situation is similar to the mechanism of a 

pesc unit length is obtained in the 

follawing way: the density in the transition zone is pnd2, since all 

the icfes in this region cane frcm the exterior of the cylinder, 

none fmm the interior. Consf&ring an element of surface in 

lel to the magnetic field lines, each pasticla CXOSCBS 

is the electron cyclotron frequency. semnd, where 

The penetration of the 

tothe the plane q 1 h - R  

cles into tihe cylinder is propostional 

~fe  Le is the 22t.rmor radhs. Ha-, the per unit length is 

given by: 

(63) 2 
= Le Ig = 

nlm 1 o e  I$ '2: 
Bo 

(64) 
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' nlET Ig 'fT 1 o e  
BO 

In Figure 7 we have the situation for a general magnetic f i e l d  

inc1inat;iOn a ,  The mixrents are contiuned ' in parallel planes oriented 

papndicularly to the magnetic .field lines, so that they are 

tangential to an ellipse, We project the currents along the direction 

of the axis of #e wake, I,, , and oI1 the plane QDxmal to #e axis, IL : 
n 

d4J 2 .  cosL Jt 
2 2 1/2 I;, = 1% sin a 

(1 - sin a sin $) 

IA = IR COS 2 a 1 2 2 2 d r  
(1 - sin a sin $jl/ 

(66) 

(67) 

Naw we apply the Biot  and Savart law: 
F 

fran the JI depdence it is seen khat this current gives a magnetic field 

contsibultion only along the I: axis: 

where K ( s i n  a)  is the CarqPjtete elliptic.blegra1 of the first kind, 

instead of integrating w i t h  respect to rr we integrate w i t h  respect to S 

Nowr 
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and obtain: 

where 81 and B2 are defined ki Figure 8, Here WE! do not worry about 

the final sign, since we know that the distortion is such that both 

oafiponents of the dsturked magnetic f ie ld  are increased inside the 

wake, due to the absence of the magnetic B t  of the plasma particles, 

The contribution frcm I/, is found by applying (68) w i t h  & parallel 

to the r axis (Figt~rt? 81, Jkrom the JI dependence it is seen that the 

mtributim of this canponent-gives a magnetic field along the -A 

direction, Again, we first integrate w i t h  respect to the $ variable, 

instead of r, and then integrate w i t h  respect to $ to cbtain: 

4 2 a cos a 
2 C I I  

BA = - I sfn a(cos B1 + 00s e2) (- i- 
2 sin a 

1 (70) - 
3 2 s h  .a 

In the above expression, the value! u = 0 gives BA = 0, as it should. 

The total increase in the magnitude of the magnetic f ie ld  is 

given by: 

AB I3 eosp + BA sin a r 

and fran (69) , (70) and 165) one obtains: 

F (a)  nome 
Bo 

AB ~ 9 .  2f (COS Bl 4- COS B ) - (71) 

(72) 3 2 a K ( s h  a )  + a sin a + l/2 sin a COS a- 2 F(a) = 80s a 

gives the a de * Table XI it is seen’that F1a) does not 

.vary m& wit32 a; for a be 40 70 degrees, which are typical 
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values a t  1 scup , we can take F(or), 2 .5 and get fmm (71) : 

where f is of order ~ ~ i t y ,  

fran the back of the m n ,  we hwe cos B1 + cos B2 = 1.9, and using 

Since EJsplorer 35 orbits at  a h a t  2 radii 

no 3 i o ,  B~ 5 ginaM and T~ = 2 ~ O ~ O K ,  ollie o b i n s  

AB = 1,05 f gama 

The above result agrees with the observation frcm Explorer 35, as 

presented by Colburn et al,, 1967, for a value of f = 1.5, We have 

arrived at  th is  figure following a different approach than CoLburn 

et ale (1967); these authors consider the equation of mtion of the 

boundary of the cavity, assurning that the drop i n  plasna pressure is 

balanced by the increase in magnetic pressure; w e  believe that this 

treatment does not apply to this casc;, according to the following 

argment: the physical reason f a  a cavity at  the back of the m ~ ~ l  is 

the inertia of the ions, i,e, the fact  that their bulk velocity is mueh 

higher .than their velocity, as seen i n  the OorreSpOnaing section 

of a s  work, A t  the boundary, any gradient of pressure w i l l  t ry  to 

modify the inertia of the ions, and the equilibrium should be a 

not a static one, The surface currents are what they 

-turn out to be because of the interaction of the s o u  wind w i t h  the 

IIU)OTJ.# but they do not play an i m p r b n t  role in the formation of the 

cavitye Their effect on the magnetic field inside the wake is to  increase 

it by an amount given by (73) ; furtbmore, since the "solenoid" 

Is of fMte length, the magnetic f ie ld  outside the cavity, due to the 
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surface currents, should haw an opposite sign cary?ared w i t h  the mawtic 

field inside it; hence, one expects a decrease in the field just  

outside the boundary, as reported by Colburn et a1.,(1967), 

Recently Mess et al,, (1968) have presented the results fran an 

appmxhate n d c a l  amputation by Whang (1968) valid in  the plane 

of symetry only, and including the drift  currents due to the curvature 

and gradient of the magnetic field, They express the feeling that 

these currents produce a small effect ccrnpared with the magnetization 

currents, which agrees with the approach we have taken W e ,  H e n c e ,  

it is rmt 

wake. 

are not in agreement with the observations. Mess et al., (1968) suggest 

that perhaps figher order iterations are-the answer to the problem, An 

alternative point aP view is to postulate the existence of a weak 

intrinsic magnetic field in themoon, strongly distorted by the solar 

w h d  that would project the extemd. parts of the field Ward the b d a r y  

isbg that our results agree, for the inner part of the 

For the external part, the theoretical results of Whang (1968) 

of the cavity. Future mea 

of the liboon will llapefuEly close the subject. 

ts of the magnetic field a t  ttae surface 
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Influence of the Incliriatkm of the Field 
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Figure Captions 

Fig, 3, 

Fig, 4, 

Fig, 5, 

Fig, 6, 

Fig, 7 ,  

~ i g ,  a, 

Velcxity componmts of an ion, 

Relative position of the cuts in the MaxwelLian distribution 

function for  the ions, 

Length of the curves of constant density 0,L and 0,5 in 

t e r n  of Vo and T,,Q 

in order t o  allow E m  the ef€ective tempva-hxtx defined 

in the text, 

The numerical values of T,, axe high 

mbit of Explomr 35, 

Typical trajectories of a "hot" ion with an& without electron 

p s s u r e  e 

E h c t r i c  potential in the waker 

Fmjection of the system of currents into a circullau, and 

an axial system, 

C h u l a r  and axial system of w m n t S Q  
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